Introduction 52
Agriculturalists are faced with challenges relating to very pressing environmental and health issues, including the need 53 to decrease pesticide use. In many countries, high levels of pesticides have frequently been found in rivers, lakes and 54 groundwater 1, 2 . A second pressing environmental issue is the consumption of fossil fuel. Energy use has markedly 55 increased over the last decade 3 , and some scientists agree that oil availability will decline in the near future 4 , leading to 56 a sharp increase in oil prices 5 . In this context, new ways of optimizing or reducing energy use have been proposed 6 .
57
Global warming is a third challenging environmental issue facing agriculture. About 12% of global greenhouse gas
58
(GHG) emissions emanate from agricultural lands 7 , and this proportion is expected to rise in the future, due to increases 59 in the amount of land used for agricultural purposes and the intensification of agricultural practices 8 . Carbon (C) 60 sequestration in the soil, through the return of crop residues, root deposition and organic amendments, may help to 61 decrease GHG emissions 9 . Sustainable development is another pressing social issue. Sustainable agriculture must 62 satisfy environmental criteria 10 . The harmful impact of agriculture on the environment can be lessened by optimizing The resulting increase in the need for land for housing will reduce the amount of 69 land available for agricultural purposes 13 . The availability of arable land per capita differs greatly between regions (e.g.,
70
between China and South America), and major cropping systems must take this scarcity into account. 
108
(ii) Designing innovative cropping system prototypes on the basis of current knowledge;
109
(iii) Assessments of cropping system prototypes with tools and models adapted for the constraints and targets used,
110
with improvement of the cropping systems (in terms of rotation or crop management aspects) by an iterative 111 process, until satisfaction of the constraints or achievement of results considered the best possible; and (iv) Assessment of the most promising cropping system candidates in a long-term field trial. 
133
This cropping system was subject to a specific pesticide constraint: no pesticide use was tolerated, even using 134 substances (e.g. acetic acid) at levels usually considered acceptable in organic cropping systems. However, inorganic 135 chemical fertilizers were allowed (these fertilizers are not permitted in organic farming systems). This system had to 136 achieve the same environmental targets as the PHEP cropping system. 137 138
Low energy cropping system (L-EN).

139
This cropping system was subjected to a specific energy constraint: it had to have fossil fuel consumption levels no 
144
This cropping system was subject to a specific constraint concerning greenhouse gas emissions: its 
191
In this investigation, any GHG entering the system is counted negatively whereas GHG leaving the system is counted 
234
For each cropping system, we present only the most promising prototype. The systems are first described in terms of the 235 crop rotation, crop management practices and yield targets. We then present the results of the final assessment with 236 respect to constraints (i.e., pesticide use, energy consumption and greenhouse gas emissions) and, finally, we evaluate 237 the systems in terms of environmental targets. The crop rotations and targeted yields are presented in Tables 2 and 3 
240
The PHEP cropping system was designed with multiple environmental targets in mind and was based on the following 241 agronomic strategies: (i) to reduce pesticide use, we increased crop diversity (four different crops instead of the three 242 currently sown), (ii) to reduce the amount of N used and indirect energy consumption, we included at least one legume 243 in the rotation, (iii) to decrease nitrogen leaching, a catch crop was always sown before the spring crop and N 244 fertilization was forbidden during autumn and winter, (iv) to reduce direct energy consumption, plowing was allowed 245 only once in the rotation, before the spring crop, (v) to reduce pesticide use and crop loss due to insects and diseases, 246 highly resistant varieties were used, together with optimal sowing dates and densities and (vi) to stabilize or/and to 247 enrich the soil organic matter (SOM) content of the soil, crop residues were not removed. As the system had to satisfy 248 environmental targets requiring the use of fewer inputs, the target yields set were similar to those currently achieved 249 with low-input cropping systems in the Ile-de-France region.
251
The no-pesticide cropping system (No-Pest)
252
Pesticide use was prohibited in the "No-Pest" cropping system. Therefore, this cropping system was designed as 253 follows: (i) to break the cycles of some common soil-borne pathogens, we used a long rotation including a range of 254 species (five different crops), with the alternate sowing of host and non-host plants, (ii) to reduce weed emergence from 255 year to year, we sowed species with different sowing dates in spring and in winter successively, (iii) to decrease pest 256 and disease pressure and damage, we used highly resistant varieties and species mixtures, and excluded crops highly 257 susceptible to some enemies but with few non-chemical solutions, such as oilseed rape or potatoes, from the rotation 258 (iv) to increase the competitiveness of the crop with respect to weeds, we sowed species with rapid shoot growth, such 259 as hemp and triticale, (v) to maximize weed emergence before sowing, we used the stale seed-bed technique, (vi) to 260 reduce weed emergence after sowing, plowing was carried out before each spring crop and (vii) we adapted sowing 261 densities to make it possible to use mechanical weeding techniques and to decrease pathogen propagation. We used the 262 following approaches to reach environmental targets: (i) to reduce nitrate leaching, catch crops were always sown 263 before spring crops and the spreading of nitrogen fertilizer was allowed only in the spring, (ii) to decrease direct and 264 indirect energy consumption, we decreased the number of plowing events and N fertilization was calculated according 265 to yield objectives, and (iii) to stabilize SOM, crop residues were not removed. Yield targets were lower than those for 266 the PHEP cropping system, because no pesticides were used. However, they were higher than those achieved in organic 267 systems because chemical fertilizers were allowed, increasing flexibility in the management of crop nitrogen nutrition.
268
For the integration of these features, in accordance with current knowledge of pest and disease pressures in the Ile-de-France region, experts suggested yield potentials 30% lower than those for the PHEP system for cereals and 25% lower 270 for field beans.
272
Low energy cropping system (L-EN)
273
The L-EN cropping system was designed, to have a much lower energy consumption than the PHEP cropping system, 274 as follows: (i) to reduce indirect fuel consumption due to N fertilization, we included as many legumes as possible in 275 the rotation (field beans as a main crop, clover as a catch crop, and a white clover-winter wheat mixture), and we used 276 species or varieties with high N use efficiency (e.g., oats 46 ) and forms of mineral N fertilizers requiring less energy for 277 their manufacture, (ii) to decrease direct fuel consumption, we omitted plowing, which is a very resource-intensive 278 operation, and used a direct drilling system, and (iii) we decreased the amounts of mineral fertilizer (N, P, K) applied, 279 implying a decrease in target yields. We also designed the L-EN cropping system along the same lines as the PHEP 280 system, to achieve environmental targets for crop diversity, length of rotation, date of nitrogen spreading, and catch 281 crop sowing. Target yields were 20% lower than for the PHEP cropping system, except for field beans.
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Low greenhouse gas emission cropping system (L-GHG)
284
The L-GHG cropping system was designed to decrease greenhouse gas emissions by increasing C sequestration in the 285 soil and decreasing N2O emissions.
286
C sequestration in the soil was increased by (i) including as many cereals as possible in the rotation, to ensure the 287 production of large amounts of residues (i.e., maize, winter wheat, winter barley or triticale), (ii) maintaining 288 continuous soil cover to increase the amounts of organic residues (i.e., cover or catch crops were always sown between 289 main crops, and volunteers were left to grow after harvest), (iii) targeting high yields for the main and catch crops, to 290 ensure the production of large amounts of residues, and (iv) excluding moldboard plowing, which increases C 
297
The L-GHG cropping system was also designed according to the same principles as the PHEP system, to reach 298 environmental targets for crop diversity, length of rotation, pesticide use, date of N spreading, and catch crop sowing.
299
Target yields were considered to be a compromise between the production of large amounts of C residues (i.e., high 300 yields) and the decrease in N2O emissions (i.e., low N fertilization 
304
This system is based on a cereal crop rotation, with five cereal crops over a six-year rotation (Table 2 ). In order to 305 secure high yields, the agronomic practices were as follows: regular plowings, four times over a 6-year rotation. The 
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When expressed in MJ ha -1 , the total fossil energy in the L-EN system is 49% lower than that in the PHEP system 325 (Table 4) obtained with the L-GHG system over a 50-year period, for both assessment tools (Table 5) . For both systems, total C 334 sequestration was higher during the first 25-year period than during the second 25-year period. When expressed in t 335 CO2-eq ha -1 , C sequestration values were systematically higher with the Roth C model than with the SIMEOS® tool.
336
Nevertheless, after 25 and 50 years, the differences between the L-GHG and the PHEP systems calculated with the Roth 337 C model and the SIMEOS® tool were similar if the results were expressed in relative values.
338
Direct and indirect greenhouse gas emissions were calculated with the GES'TIM database, over one rotation period, for 339 the L-GHG and the PHEP cropping systems (Figure 2 ). Mean total greenhouse gas emissions were 1104 kg CO2-eq ha -1 340 year -1 and 1273 kg CO2-eq ha -1 year -1 for the L-GHG and the PHEP cropping systems, respectively. Direct and indirect 341 greenhouse gas emissions accounted for similar proportions of total emissions: 48% and 52% for direct greenhouse gas 342 emissions for the L-GHG and PHEP systems, respectively (Table 6 ). Chemical fertilizers caused both direct and 343 indirect greenhouse gas emissions. They represented 76% and 73% of total greenhouse gas emissions for the L-GHG 344 and the PHEP systems, respectively. Soil cultivation, accounting for 19% and 23% of total greenhouse gas emissions 345 for the L-GHG and the PHEP systems, respectively, was the second most important component of these emissions.
346
When results were expressed per ha, total greenhouse gas emissions were 13% lower in the L-GHG system than in the 347 PHEP system. When expressed per tonne of produce, the larger decrease (22%) may be accounted for by the higher 348 yields, calculated at rotation scale, of the L-GHG system than of the PHEP system.
349
In terms of the overall balance of GHG emissions (Tables 7-8 
370
The main challenge of this study was to design innovative cropping systems. Our approach is original in the multiplicity 371 of purposes assigned to these systems (i.e., association of one major constraint with environmental and yield targets 
457
In the design of the L-GHG system, we had to rank the secondary objectives (C sequestration had to be enhanced first, 458 and then N2O emissions had to be reduced) to satisfy the GHG constraint. In this case, several practices had effects on 459 both processes involved: no-tillage increased C sequestration in the soil but increased N2O emissions; ample N fertilizer 460 applications were required to obtain high yields and, thus, abundant C residues, but this also generated more N2O 461 emissions. We decided to promote C sequestration, because N2O emission assessments were highly uncertain due to the 462 lack of published data about N2O emissions, for field bean residues for example (IPPC 39 ), and the variability of results 463 due to differences in soil and climatic conditions 63 . Nevertheless, knowledge about the effects of cropping systems on 464 N2O emissions is increasing, and it should be possible to improve the adjustment of cropping systems in the future.
465
The cropping systems assessment required tools and models adapted to the set of objectives and convenient to use 466 during the iterative optimization process. Some approximations were used, due to the lack of data. In the L-GHG 
483
Several economic and social aspects were not taken into account during this design process, which focused on the 484 cropping system rather than the farm scale. Nevertheless, we excluded some crops that are not grown by farmers in Ile-485 de-France due to the lack of a market (i.e., with low economic performances), but we included others for which the 486 market is poorly developed in this area (e.g., lucerne and hemp to make it possible to achieve good results in terms of sowing management and target yields. We also assumed that 500 rainfall would provide enough water throughout the year in northern France to allow catch crop and main crop 501 emergence, but this may no longer be the case if the climate changes radically. We assumed that new equilibria would 502 appear with certain practices, allowing inputs to be reduced. In the L-GHG system, the practice of leaving crop residues 503 on the soil should decrease weed emergence, making it possible to decrease the amount of herbicide used, and the 504 absence of plowing should lead to the maintenance or increase in size of ground beetle populations, making 505 molluscicide use unnecessary. The achievable yield was determined on the basis of several assumptions. In the L-GHG 506 system, we promoted C sequestration, which is highly dependent on cereal yields and difficult to estimate in the case of 507 no-tillage systems, because the presence of excessive amounts of crop residues may decrease emergence. The chemical 508
properties of the soil associated with different tillage practices are also poorly characterized 64 . In this system, the effects 509 on water availability of sowing cover crops every year also should be analyzed. In the L-EN system, the mixture of 510 winter wheat and white clover might also decrease cereal yields. In the No-Pest system, yields were defined by 511 approximation to organic systems, in which no mineral fertilizers are permitted. In this system, late winter cereal 512 sowing might lead to higher levels of damping-off and plant death during winter, decreasing yields to a greater extent 513 than anticipated. These are just a few of the uncertainties remaining about the real performance of the systems we have 514 devised. For these reasons, the field assessment of these system prototypes, which is currently being carried out (the 515 experiment started in 2008), is absolutely necessary.
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Finally, it should be stressed that approaches of this type could be used in many agronomic situations, with a diversity 517 of challenges, provided that sufficient knowledge is available for the development of innovative strategies. In our 518 opinion, this approach meets the need expressed by Foley 14 to "search for practical solutions" for a cultivated planet.
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